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Abstract 
The putting of a golf ball requires control of the speed and direction and an understanding of the interaction between the ball 
and the putting green by the golfer. The putt can involve a combination of the ball flying over, skidding across, and rolling on 
the putting green. This study used finite element analysis as a tool to investigate these behaviors, and this paper documents the 
results for putts with different initial velocities.  The finite element analyses were performed in LS-DYNA using a viscoelastic 
material model for the turf and an elastic material for the golf ball and club head. A high-grade artificial putting turf was 
characterized by its compressive stiffness in a Universal Testing Machine and displacement of a golf ball resting on turf. The 
static and dynamic friction between the golf ball and artificial turf were investigated. The ball velocity and deceleration 
resulting from different putts were examined to help in the characterization of the behavior of the turf. The finite element model 
will be used in future studies to determine the optimal putter loft and rise angles to achieve consistent putts.    
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Putting is the most common stroke in the game of golf. A fundamental understanding of the mechanics of 
putting and the behavior of the golf ball can help improve the level of play for the user. The intent of this study is 
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to develop a scientific understanding of the mechanics associated with the rolling and sliding of a golf ball on a 
putting green and to determine how the club-loft and rise angles affect the distance and control of the putt. Golf 
coaches teach and golfers strive for consistency in the approach of the club to the ball.  Unfortunately, consistency 
from putt to putt is rarely achieved.  Therefore, the objectives of this study are to determine the variables for which 
a small variation results in essentially the same putting distance.  This paper will show how the golf ball transitions 
from flying, skidding and rolling during putts of several different initial velocities, rotations and trajectories.  
There are many factors that contribute to the dynamics of the putt, e.g. initial speed, angle of the face relative to 
the ground (loft angle), the rise or decent angle of the putter, and friction forces. The friction forces present during 
the putt include friction between the ball and the club face, and the rolling, static and dynamic (sliding) frictions 
between the ball and the putting surface. Within the scope of the current study, experiments were completed to 
measure the static coefficient of friction between a common Titlist ProV1 golf ball and a Big Moss Golf (Long 
Putt 30) artificial putting surface to develop a finite element model that is able to simulate properties of the golf 
ball rolling on the artificial turf.  
The finite element model will provide a tool that can be used to conduct parametric studies that may include 
how changes in loft and rise angles or other properties of the club, ball and surface influence the resulting putt.  
The models used in this study are preliminary but provide initial findings and direction towards future experiments 
and analyses that are intended to study the conditions on natural grass putting greens.  
2. Methods 
2.1 Experimental Measurements  
The load-displacement of the turf in compression, indentation of the golf ball into the turf, friction testing of the 
golf ball sliding and rolling on the surface of the turf, and velocity measurements of the golf ball putted a distance 
of ~0.25 m and ~2.0 m were experimentally measured.  The size of the Titleist Pro V1 golf ball and the thickness 
of the Big Moss Golf putting surface were measured to obtain these geometric properties.  The mass of the golf 
ball was 45.9 g and the diameter was 4.27 cm.  The thickness of the turf was 0.95 cm.  These measurements were 
then utilized to build the finite element model and to calibrate the material properties of the turf. 
2.1.1 Turf Stiffness 
The stiffness of the turf has a significant effect in how the golf ball moves throughout the putt.  Two 
measurements were used to evaluate the turf stiffness.  First, the elastic modulus of the turf was measured in 
compression using an Instron 4464 with a 2-kN load cell.  The elastic modulus was determined to be ~517 MPa.  
The turf was evaluated by resting the golf ball on the surface of the turf so the indentation induced by gravity could 
be measured.  A height gage was used to measure the height of the ball, the height of the turf, and the height of the 
ball resting on the turf as shown in Fig. 1. The indentation was measured to be 1.35 mm. The ball indentation has 
been calculated mathematically, as presented by Roh and Li (2010). Their equations are used to calculate the 
relationships between the ball deflection, turf stiffness and Stimp.  Stimp is measured using an inclined plane that 
the ball rolls down, generating an initial velocity of 1.88 m/s and is the distance in feet that a ball will travel.  The 
“Stimp” of a putting green is a relative measure of the speed of the green.  For the artificial turf used in this study, 
the Stimp is reported to be between 10 and 11.   
 
 
Figure 1. Experimental setup to measure indentation by the ball on turf 
601 Patrick Drane et al. /  Procedia Engineering  72 ( 2014 )  599 – 604 
2.1.2 Friction Testing 
The friction properties between the ball and the turf effect how the ball slides and rolls and how the ball speed 
will change over time. To measure the coefficient of friction (μ), an inclined plane was used and three golf balls 
were attached by lightweight tape in a triangular configuration so they would slide without rolling, as shown in 
Figure 2(a). The angle of the turf was slowly increased until the ball set began to slide.  The angle of the turf 
LQFOLQHZLWKUHVSHFWWRWKHKRUL]RQWDOșZDVWKHQXVHGWRFDOFXODWH the static coefficient of friction between these 
two surfaces using Equation 1, and the resulting data are summarized in Table 1.   
WDQș                                                                                                                                            (1) 
The incline-plane process was repeated for determining the dynamic coefficient of friction. However, the plane 
was set at a fixed angle and the balls were provided an initial velocity to overcome the static friction. The inclined 
plane was then adjusted until the threshold was reached between the balls continuing to slide and coming back to 
rest. The inclined plane was also used to identify the angle that would cause a single ball to begin to roll, and a 
photo of that setup is shown in Figure 2(b). That average value is identified in Table 1 and will be used in future 
modeling for verification. 
 
 
 
 
 
 
 
 
Figure 2.  Friction setups: (a) Sliding friction, (b) Ball rolling initiaition  
                                                    Table 1. Summary of Friction Coefficient Data 
Test Condition μ Incline $QJOHș [degrees] 
Static Coefficient of Sliding Friction 0.30 16.8 
Dynamic Coefficient of Sliding Friction 0.26 14.5 
Incline Angle to Initiate Rolling --- 5.2 
2.1.3 Putt Velocity Measurements  
A golf ball was putted using a Ping Anser Putter, and the velocities of the putter and the golf ball were 
measured for various stages of the putt. Two different putt lengths were chosen to be monitored and subsequently 
evaluated using finite element models for comparison with the experimental data.   
A Titlist Pro V1 golf ball was putted on a flat and level piece of the Big Moss Golf putting surface to attempt a 
relatively short putt of the ball, i.e. ~0.25 m. A Redlake HG-100K high-speed camera was used to record the putt, 
and the images were analyzed to determine the speed of the club and the golf ball.  The high-speed camera was 
used to capture the putting motion.  From this imaging, the velocity was extracted and ball behavior was observed. 
Figure 3 shows an example still-frame image from the videos analyzed for putter and ball velocity and for 
movement of the golf ball across the artificial turf surface.  The videos can help determine if the movement 
includes loft, skipping, rotation, rolling, and/or bouncing.  The golf ball was putted several times with an average 
distance of 0.27 m and the speed of the club was measured to be ~0.35 m/s. The initial velocity of the ball was 
~0.49 m/s and slowed to ~0.23 m/s by the time the ball had traveled ~0.19 m.   
(b) (a) 
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Following the 0.25-m putts, the experiments were repeated with putts that targeted ~2.0 m when performed on 
the Big Moss Golf putting surface. The golf ball was putted an average of ~2.00 m, and the speed of the club was 
measured to be ~1.13 m/s. The initial velocity of the ball was ~1.85 m/s and slowed to ~1.34 m/s by the time the 
ball has traveled ~0.28 m.  Penner et al. (2002) performed analytical analysis of putt behavior that can be 
compared with these experimental results.   Penner produced a mathematical model for a range of putting distances 
for various turf surfaces. Table 2 compares the experimental and theoretical putting distances.  The modeling 
distance is included in this table and will be discussed in Section 3 of this paper. 
                                Table 2. Comparison of Putting Distances for Three Methods  
Putt Length 
Category 
Average Experimental 
Distance (m) 
Mathematical Distance 
Range (m) - Penner 
Modeling 
Distance (m) 
0.25-m  0.27 .07 - .32 0.22 
2.0-m  2.00 1.20 - 4.19 1.88 
 
Figure 3. High-speed video image of putt (a) to measure velocity, (b) to observe behavior along turf 
2.2 Finite Element Modeling 
The finite element model was generated in HyperMesh and analyzed using LS-DYNA. All parts were modeled 
using solid elements. The material behavior of the putter has been assumed to be rigid, which is a reasonable 
assumption for the relatively short putts being examined within this study.  The putter was given a mass of 330 g 
based on the mass of the head of the Ping Anser Putter used in the experiments.  The putter head was given initial 
velocities of 0.38, 1.02, 2.03, and 2.79 m/s for the ~0.25-, ~2-, ~5-, and ~6-m putts, respectively. The material 
behavior of the ball was assumed to be linear elastic for the relatively low impact putts being examined. Gravity 
was applied to the ball.  The material behavior of the turf was modeled to be a viscoelastic low-density foam with 
an elastic modulus of 517 MPa, a density of 0.0291 g/cm3 and a damping factor of 0.5.  The turf was modeled as 
viscoelastic because the turf needed to deform around the ball and provide damping between the ball and the turf.  
The friction values were entered for the surface contact between the ball and the turf.  The model also included 
dynamic relatation to assist with the ball setteling naturally into the turf, prior to the putter making contact to 
initate the rolling.  Figure 4 shows an isometric view of one of the finite element models with the axes shown for 
reference. The z-axis displacement of the ball resting on the surface before impacts was approximately 1.40 mm, 
while the measured indentation displacement was 1.35 mm. Finite element analyses, using different putter 
conditions, resulted in golf balls traveling different distances and with slightly different combinations of flying, 
skidding and rolling.  LS-PrePost was then used to extract the rigid body displacements, velocities and 
accelerations of the golf ball along with the x and z coordinates of a node initially on the on top of the ball.   
 
(b) (a) 
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Figure 4. View one of the finite element models depicting the axes 
3. Results and Discussion 
The modeling of 0.25-m and 2.00-m putts were performed to tune the viscoelastic material properties of the turf 
in the model to obtain reasonable agreement between the model and the experimental results.  The results of both 
putt lengths are shown in Figure 5.  The resulting model shows fair agreement with the experimental 
measurements.  The change in slope in both experimental results identify the location in the putt when the ball 
shifts from a combination of sliding and rolling to purely rolling.  The putt velocity shown in Figure 5 are 
consistent with experimental results by Rojas and Simon (2014), but the finite element modeling in this study 
shows the curavature of the velocity profile compared with the linear relationship approximated in the Rohas’ 
study. 
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Figure 5. Relationship between velocity of golf ball and distance of travel for experimental and modeling results 
    The finite element modeling was then expanded to longer length putts for ~5 and ~6 m.  The results for all four 
putt length models are shown in Figure 6.  The results include analysis of the velocity and accerlation of the ball in 
Figure 6(a) and 6(b), respectively.   Figure 6(c) plots an analysis that investigated the ratio of the ball motion that is 
attributed to pure rolling.  This rolling ratio was calculated from the ratio between the theoretical angular velocity 
that the ball would have for rolling alone and the angular velocity that the finite element analysis computed for the 
ball throughout the model.  When the values in Figure 6(c) are ~1.0, then the ball is essentially rolling without 
sliding.  The analysis shows the the initial portion of the motion is a combination of skidding, sliding or flying with 
more rolling as the motion continues.  The motion then converts to esentially pure rolling.  The acceleration curves 
in Figure 6(b), show that the model predicts that the ball decelerated at ~1.75 m/s2 when primarily skidding or 
sliding and decelerated at only ~0.4 m/s2 when rolling.  These decelerations constants were consistent among the 
different putt velocities.  During the motion after rolling dominates, there appears to be some presence of top-spin 
sliding (observed by the values greater than 1.0 in Figure 6(c)).  
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Figure 6. Modeling results of four different putts as a function of the ball displacement  
(a) velocity profile, (b) acceleration, and (c) ratio of pure rolling 
The model data show good correlation to the experimental data as evidenced by Figure 5.  The model will 
continue to be refined and then will be used as a tool to investigate different putt properties including putter 
velocity and loft angles, rise and descent angles of the putter approach, and how these conditions affect putts on 
different turfs, greens and contours. 
4. Conclusion 
This research has developed a scientific understanding of some of the mechanics associated with the rolling and 
sliding of a golf ball on a putting green.  The model developed will be used as a tool to study different putt 
properties including loft angle of the putter, rise and decent angles, and putting on different turfs, greens and 
contours. 
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